A new arrangement of grooves by which the return loss performance characteristics of submillimeter-wave corrugated horns have been greatly improved is presented. Corrugated horns equipped with grooves arranged as per the way introduced in this paper each have been found to be capable of radiating a field with return losses of 28 or less dB, while maintaining maximum cross-polarization levels of 45 or less dB within a frequency range of 385 GHz to 500 GHz. This is a performance level greater than the goal set for feed horns for radio telescopes. The reason for this enhancement of the return losses is because the part often referred to as the "mode-transforming section" has been formed differently, that is to say the grooves are arranged differently in this part than in the conventional mode-transforming section. Specifically, the number of grooves provided in this new mode-transforming section has been decreased vis-à-vis that of those in the conventional mode-transforming section, and these grooves are arranged with their depths varied in accordance with the angles of the section's flares. Further, the structure of each groove has been so simplified that it is a parallelogram in cross section, and the part outside the mode-transforming section is provided with grooves that are in uniform depth and width being arranged at a regular interval. Despite the simplicity of the grooves, the return losses of submillimeter-wave corrugated horns have been greatly enhanced while their cross-polar radiation fields are maintained at low levels.
Introduction
Most of the methods tried heretofore to improve the return loss performance characteristics of corrugated horns by complicating the structure, and/or the arrangement of the grooves, not only failed to produce a necessary improvement in the return losses, but were next to impossible to apply to use at submillimeter-waves.
The said conventional methods may be classified broadly into three categories: Methods involving (1) complex arrangements of grooves in the mode-transforming section (Clarricoats & Oliver 1984; Goldsmith 1998; Bersanelli et al. 1992; James 1981; James & Thomas 1982; Thomas et al. 1986 ); (2) grooves with symmetrical or asymmetrical ring loaded structures (James & Thomas 1982; Thomas et al. 1986; Du et al. 2003) ; and (3) curvilinear and/or streamlined flare sections (Granet 2004; Oliver & Xiang 1988; Sinton et al. 2002; Thomas & Greene 1982; Clark & James 1995; Granet et al. 2004) . In fact, these methods are adopted to improve the return loss at microwave frequencies; their application to submillimeter-waves is found to be more or less out of the question. The last two methods (i.e., 2 and 3) were typically avoided because they would require a too-sophisticated processing technology, taking too long and costing too much, apart from strong adverse effects of margins of error made in the course of the process. Moreover, the last method (i.e., 3) would often end up with undesirable antenna beam patterns and high side-lobes, rendering it extremely difficult to control when designing the patterns of the beams radiated, and as to make it too complicated a process to optimize the structures so that they could provide the necessary performance characteristics. Furthermore, the first method (i.e., 1), though having been applied to use at submillimeter-waves, has failed to improve the horns' return loss performance characteristics at many frequencies, generating problems regarding deterioration of the cross-polarization levels.
A fresh arrangement of grooves is set forth herein to help enhance the return loss performance characteristics of submillimeter-wave corrugated horns. Considering its application to corrugated horns utilized at submillimeter-waves, all of the grooves are made to have as simple a structure as possible, measuring the same in width and arranged at a regular interval. With regard to the depths of the grooves, those in the flare section are made to measure the same, whilst those in the mode-transforming section alone are made to vary in depth in accordance with the angles of the flares therein. Further, the number of grooves provided in the mode-transforming section has been drastically decreased -from 10 or more slots in the conventional mode-transforming section to 4 slots in the new section. The flares, those in both the mode-transforming and the flare sections, are provided therein at such a constant angle as makes the flares therein look as if they are provided linearly. Thus, a very simple arrangement of grooves, which can be realized with ease even for use at submillimeter-waves, has allowed enhancing the return losses of submillimeter-wave corrugated horns.
The Effects of the Mode-Transform Section
The effects of the mode-transforming section on the performance characteristics of corrugated horns are discussed in the following order. First, the level of the performance of a corrugated horn equipped with a flare section only, i.e., without a mode-transforming section, is considered. Next, whether or not the level of the performance thereof will improve by changing the measurements of the grooves is discussed. Then, the performance level of a corrugated horn equipped with a conventional smooth-wall (Matsunaga et al. 2003; Clarricoats & Oliver 1984; Goldsmith 1998; Bersanelli et al. 1992) as its mode-transforming section is compared with that of a corrugated horn equipped with a new mode-transforming section to determine how much the level of the return loss performance improves with the new mode-transforming section, and how much the cross-polarization deteriorates therewith.
Prior to these discussions, the corrugated horns discussed in this paper is described. These are three different kinds of horns, the cross sections of which are as shown in figure 1 , namely sections A, B, and C referred to as "circular wave-guide," "mode-transforming section," and "flare section," respectively. The corrugated horn (a) in figure 1 has no mode-transforming section, but only a flare section. The corrugated horn (b) in figure 1 has a mode-transforming section, referred to as a "smooth-wall." The corrugated horn (c) in figure 1 has the newly devised mode-transforming section set forth by the authors. Note that, in all of these three different kinds of corrugated horns, (1) the interval "t" between grooves and the width "w" thereof are set at the same length, i.e., t = w, and the t's and the w's of the grooves in the mode-transforming section and the flare section are set to be constant, (2) the depths "d 's" of the grooves in the mode-transforming section are set to vary according to the design executed, whilst the d 's of the grooves in the flare section are all set to be constant, and (3) the horn lengths (l's), the aperture diameters (2a's), the diameters of the circler wave-guides (2b's), and the angles of the flares (˛'s) are set to be the same, respectively, throughout all the said three different kinds of corrugated horns.
First, the performance of a corrugated horn without a mode-transforming section, as shown in figure 1a , is considered. Table 1 gives the results of numerical analyses of the return losses and gains, and the maximum cross-polarization levels relative to the corresponding co-polarization levels (hereafter referred to as the maximum cross-polarization) obtained at 385 GHz, 442.5 GHz, and 500 GHz as fixed values of the d 's and the w's of the grooves of a corrugated horn that has no mode-transforming section, but a flare section only, and the said values of the t's therebetween are varied. It is known from these results that a corrugated horn with only a flare section is characterized by its very bad return loss performance, and that a mere change in the fixed values of (1) The numerical results of the return losses (dB). Subtables (1), (2), and (3) show the numerical results of the return losses, gains, and the maximum cross-polarization levels obtained at 385 GHz, 442.5 GHz, and 500 GHz as the fixed values of the d 's and the w's of the grooves and the values of the t 's therebetween are varied, respectively. the said d 's, w's, and t's will not allow the said performance to improve. Especially important is the finding that, despite the conventional belief that deeper-than-half-the-wavelength depths of the grooves and shorter-than-quarter-of-a-wavelength widths and intervals will help improve the performance of a corrugated horn (Clarricoats & Oliver 1984; Goldsmith 1998) , the return loss performance is, after all, in the neighborhood of only about 20 dB at 442.5 GHz if the latest cutting and processing technology is employed to make the measurements as close to their limits as they possibly can. The conclusion from this is that the performance level is far too low compared to the targeted return loss value of 28 dB or less. Good results have already been obtained, however, in regard to the gains and the maximum cross-polarization. This accounts for the necessity of devising a new way of improving the return loss performance, while the cross-polar radiation field is left as it is.
Next, in order that a corrugated horn with the conventional or the newly devised mode-transforming section and a corrugated horn without a mode-transforming section may be compared properly, the results of numerical analyses of the performance characteristics of the three kinds of corrugated horns, as shown in figure 1, are quoted. The said three kinds of corrugated Subtables (1) and (2) show the numerical results of the return losses and the maximum cross-polarization levels obtained at 385 GHz, 442.5 GHz, and 500 GHz, respectively. The fixed values of the d 's and the w's of the grooves and the values of the t 's therebetween are set as d = 0.182 mm, t = w = 0.09 mm in the flare section. Note that the three kind of horns (a, b, and c) are the same as those in figure 1. Also note that N shows the numbers of the grooves in each mode-transforming section.
horns are as follows: (a) corrugated horns that do not have a mode-transforming section, but a flare section in which the d 's and w's of the grooves and the t's therebetween are constant; (b) corrugated horns whose flare sections are each connected to a mode-transforming section called a "smooth-wall," in which the d 's of the N grooves are made to vary linearly at a constant rate; and (c) corrugated horns of which each has a newly devised mode-transforming section set forth by the authors connected to the flare section. With regard to the cases in which smooth-walls are employed, as shown in figure 1b , the results obtained as the numbers (N ) of grooves were varied are quoted. The return losses (1) and the maximum cross-polarization levels (2) obtained at 385 GHz, 442.5 GHz, and 500 GHz with regard to these three kinds of corrugated horns are quoted in table 2. Now, in accordance with the results quoted in table 2, that a conventional mode-transforming section, often referred to as a "smooth-wall," as per (b), has a limit to its capability to improve the antenna's return losses and that said section will cause a deterioration of the maximum cross-polarization level is discussed. The return losses are vastly improved compared with those of a corrugated horn with only a flare section, as per (a); however, it is also apparent that changing the number (N ) of grooves in a smooth wall does not remove the limit to the improvement value of the return-losses and that N of the grooves has little to do with an improvement in the return losses. Moreover, considering the maximum cross-polarization levels, which are higher than 40 dB, by far exceeding the standard levels at 385 GHz and 500 GHz, there appears to be a serious deterioration in the maximum cross-polarization levels.
Using the same table 2 as has been referred to, the discussion now focuses on the extent to which the new mode-transforming section, as mentioned above in (c), has helped to improve the return loss performance levels without deteriorating the maximum cross-polarization levels. Note first that all of the return losses register higher performance levels than when smooth walls are mounted, as discussed above in (b). Also note that, with regard to the cross-polarization levels, all of their maximum levels register as low as 45 dB, or even lower within the whole range of frequencies scheduled for use. The said new mode-transforming section excels in terms of its capability to improve the return losses, while maintaining the cross-polarization level at a very good level.
The Precise Measurements of the New SubmillimeterWave Corrugated Horn and its Design Procedure
In this section, precise measurements -as shown in table 3 -of the new submillimeter-wave corrugated horn and its design procedure are discussed in the following order. First, the precise measurement of each part of the horn's flare section and the process by which the said measurements of the said parts have been determined are described. Next, the arrangements and the measurements of the grooves in the new mode-transforming section are described, along with the process by which the arrangements and the measurements of the grooves were determined. Finally, for those who may wish to apply this new mode-transforming section to their horns, an efficient method for determining the depths of the grooves is introduced. We first discuss measurements of all parts of the flare section and explain how those measurements were made by using the cross section of the new corrugated horn, as shown in figure 1c . First, the diameter of the aperture was set at 2a = 7:99 mm so as to match the beam width, which had been computed based on the design for the receiving optics of the submillimeter-wave telescope, in which the corrugated horn being introduced in this paper may be used as its primary feed horn. Next, the total length of the horn and the angle of the flares were set at l s + l f =22.05 mm and˛= 9 ı :412, respectively. These were determined so that the corrugated horn would have a gain of 26 or more dB, as required of a primary feed horn for radio telescopes. Finally, the depths, "d f ", of the grooves in the flare section, the widths, "w", thereof, and the intervals, "t", between the grooves were set at d f = 0.182 mm, w = 0.09 mm, and t = 0.09 mm, respectively. These were thus determined on the basis of the analytical results of corrugated horns that do not have a mode-transforming section, but have a flare section so that the said corrugated horn would have a maximum cross-polarization level of 45 or less dB (see table 1).
Next, the precise measurements of all parts of the new mode-transforming section are described along with how these measurements have come to be employed, by using the expanded figure of the new mode-transforming section in figure 2 . First, the number of grooves in the mode-transforming section was set at N = 4. This was because, after repeated analyses with different numbers of grooves, and as many comparisons of performance characteristics, N = 4 was found to be relatively good irrespective of the frequencies to be used (see table 2 ). Next, the interval "t" between grooves and the width "w" thereof were set to be the same length as those in the flare section, i.e., t = w = 0.09 mm. This inevitably led to determinations of the length of the mode-transforming section, "l s ", and the length of the flare section, "l f ,", in terms of l s = 0.72 mm and l f = 21:33 mm, respectively. Finally, the depths "d 1 ," "d 2 ," "d 3 ," and "d 4 " of the grooves in the new mode-transforming section were set to measure -from the circular wave-guide to the aperture -d 1 = 0:279 mm, d 2 = 0:234 mm, d 3 = 0:204 mm, and d 4 = 0:189 mm, respectively. These were measurements determined by repeatedly computing and analyzing the results of varied depths of the grooves in the mode-transforming section. Now, the structure of the new mode-transforming section in terms of the depths of the grooves are described. Based on the assumption that the depths of the grooves are d 1 , d 2 , d 3 , and d 4 , as per figure 2, these four d 's can be determined by working out the following three mathematical formulas: (1), (2), and (3), whereby grooves can be arranged in the new mode-transforming section according to the measurements given earlier:
Here, "l 1 ," "l 2 ," "l 3 ," and "l 4 " in the above three formulas are variations (spreading breadths) of the horn's internal diameters spreading in proportion to the spreading angles of the flares. These four measurements (l 1 , l 2 , l 3 , and l 4 ) are determined from the spreading angles of the flares (˛). If this new mode-transforming section is to be employed in designing a new corrugated horn, the depths of grooves d 1 , d 2 , d 3 , and d 4 should thus be determined first. They are then fine-adjusted on the basis of the results of numerical analyses of the performance characteristics of the corrugated horn before one comes up with a new corrugated horn with its return loss being greatly improved.
The Results of Numerical Analyses of the New Horn's Performance Characteristics
The results of numerical analyses of the performance characteristics of the submillimeter-wave corrugated horns equipped with the new mode-transforming section shall be shown as they are compared along with the results of numerical analyses of the performance characteristics of the submillimeter-wave corrugated horns developed earlier by Matsunaga et al. (2003) . Note that our earlier developed horn was equipped with the best-known mode-transforming section "smooth-wall." First, we present radiation field patterns to show that the radiation field patterns of the new horns provide better symmetric properties than those of our earlier-developed horns, and that the new horns' cross-polarization levels relative to the corresponding co-polarization levels are lower. Next, the frequency characteristics of the return losses are presented to show that the return loss characteristics of the new horns show a considerable improvement. Finally, the frequency characteristics of the maximum cross-polarization levels and gains are presented to show that the new horns' maximum cross-polarization levels and gains, within the ranges of the frequencies assumed to be utilized, provide appropriate values for the use of the horns as feed horns in radio telescopes. Based on these results, what little deterioration is borne by the new Fig. 3 . Radiation field patterns occurring in the E-and H -planes when the horns are used at 385 GHz, 442.5 GHz, and 500 GHz are shown in (1), (2), and (3), respectively. The solid lines refer to the H -plane, the dotted lines refer to the E-plane, the red lines refer to the new horns' data, and the black lines refer to the data of the horns developed earlier by Matsunaga et al. (2003) . ı plane when the horns are used at 385 GHz, 442.5 GHz, and 500 GHz are shown in (1), (2), and (3), respectively. The solid lines refer to the co-polarized fields, the dotted lines refer to the cross-polarized fields, the red lines refer to the new horns' data, and the black lines refer to the data of the horns developed earlier by Matsunaga et al. (2003) . horns' cross-polarized radiation fields as well as how much the new horns have improved on their return loss performance characteristics are discussed.
First, the radiation field patterns are shown in order to demonstrate the superiority of the new horns' radiation performance characteristics. The radiation field patterns occurring in the E-and H -planes when the horns are used at 385 GHz, 442.5 GHz, and 500 GHz as in (1), (2), and (3), respectively, are shown in figure 3 ; the co-polarized and cross-polarized radiation field patterns occurring when the horns are used at 385 GHz, 442.5 GHz, and 500 GHz, as in (1), (2), and (3), respectively, are shown in figure 4 . From the results given in figure 3 , it is apparent that the new horns possess radiation field patterns with excellent symmetry. From the results given in figure 4 , it is apparent that the cross-polarized radiation field levels are sufficiently low compared with the co-polarized radiation field levels, and that the new horns offer larger differences between these two radiation field levels -the maximum cross-polarized radiation field differences -than the horns developed earlier by Matsunaga et al. (2003) . It may well be said from the results given in these two figures ( figure 3 and figure 4) that it is the improvement in the symmetric properties of the new horns' radiation field patterns that has led to the said sufficiently low cross-polarized radiation field levels.
Next, the return loss frequency characteristics, one of the main subjects of this paper, are shown in figure 5 in order to discuss the new horns' wide bandwidths, as well as their very low return loss performance levels. It is apparent from the result that the return losses of the new corrugated horns are all greatly enhanced compared with those of our earlier-developed horns; it is noteworthy that nearly all of the return losses registered within the ranges of frequencies that are assumed to be utilized are not only as good as 28, or even less dB, but they also register less than 47 dB at around 500 GHz, a frequency at or near to where losses such as conductor losses are likely to increase exponentially. Furthermore, the return losses of the new horns are very good over wider ranges of frequencies that -assuming that it is 10 dB or less, which is to be considered a basis for defining the relative bandwidth -the new corrugated horns may well be looked upon as exceptionally good wide-band antennae.
Finally, the frequency characteristics of the maximum cross-polarization levels and the frequency characteristics of gains are shown in figures 6 and 7, respectively, to show that there is no deterioration borne by a cross-polarized radiation field or a gain. The two figures help to ascertain that, within the ranges of frequencies assumed to be utilized, the new horns are capable of performing as feed horns in the radio telescopes at levels of favorable values, namely 45 dB or less and 26 dB or more. These two figures show that the new horns have highly efficient performance characteristics, or more efficient performance characteristics than the conventional horns.
All of the results of numerical analyses that are referred to in this section are those that were verified experimentally in our previous paper (Matsunaga et al. 2003) , and can therefore, be considered to be highly reliable.
Conclusion
A new arrangement of the grooves in the mode-transforming section has made it possible to greatly improve the return loss performance of a submillimeter-wave corrugated horn. The new mode-transforming section is so simply structured that it includes no more than 4 slots, each of which is a parallelogram in cross section, and that the widths of the grooves and the spreading angles of the horn may be set at the same values as those in the flare section. This new mode-transforming section connected to a corrugated section in which grooves that are constant in width and depth and are parallelograms in cross section are arranged at a regular interval has greatly enhanced the return loss characteristics without causing any deterioration in the maximum cross-polarization levels. The simply structured grooves have thus brought about a vast improvement in the return loss characteristics of the horns that are to be used in the submillimeter-wave spectrum, wherein such an improvement has long been extremely difficult.
